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Participation ratioAbstract This investigation aims to determine the participation ratio of cement matrix and latex
network in latex cement co-matrix strength. The ﬁrst stage of this study was carried out to inves-
tigate the effect of styrene butadiene rubber (SBR) on cement matrix participation ratio by measur-
ing degree of hydration and compressive strength. The second stage in this study shows an attempt
to evaluate the latex participation ratio in mortar and concrete strength with different latex chem-
ical bases. Effect of latex particle size on latex network strength was studied. The test results indi-
cated that the latex participation ratio in co-matrix strength is inﬂuenced by type of cement matrix,
type of curing, latex type, latex solid/water ratio, strength type and age. For modiﬁed concrete,
when the SBR solid/water ratio increases the latex participation ratio in ﬂexural and pull out bond
strength increases. The latex participation ratio in co-matrix strength decreases as latex particle size
increases.
ª 2014 Production and hosting by Elsevier B.V. on behalf of Faculty of Engineering, Alexandria
University.1. Introduction
Polymers are being increasingly used in civil engineering appli-
cations modiﬁers, especially for the purpose of improving ser-
vice performance of both concrete and mortar [1,2]. In fact,
among the different presentations of polymeric substances,
polymer latexes are themost widely used [3]. However, inclusion
of polymers particularly elastomeric latexes toward improvingphysical, mechanical and durability properties of normal con-
crete and mortar may cause undue loss of integrity [4].
The microstructure of mortar and concrete is of consider-
able importance since it governs their mechanical properties,
cement hydration and durability [1–3]. In addition, chloride
permeability is recognized as a critical intrinsic property
affecting the durability of reinforced concrete [5,6]. The use
of polymer as a modiﬁer in new structures seems to be a prom-
ising strategy in improving microstructure and enhancing the
durability of cement mortar and concrete [7–9]. As one of
the popular polymers suitable for admixing into fresh mortar
and concrete, styrene butadiene rubber (SBR) latex has been
widely used for a long time [10,11]. The molecular structure
of SBR comprises both the ﬂexible butadiene chains and the
rigid styrene chains. The combination of those chains offers
the SBR-modiﬁed mortar and concrete many desirable
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tightness and abrasion resistance [12].
On the traditional (unmodiﬁed) mortar or concrete, the ce-
ment beside other constitutes have the full responsibility on
mechanical properties ofmortar and concrete.On the other hand,
in modiﬁed mortar and concrete, latex shares cement and other
constitutes on the responsibility of mechanical properties. In
the presence of latex, cement does not share on the mechanical
properties of modiﬁed mortar and concrete by its full capacity.
Many conclusions can be explained by the traditional phe-
nomena such as, the effect of water cement ratio and cement
content on the mechanical properties of mortar and concrete.
On the contrary, some of test results in this research work can-
not be explained easily by the traditional theories such as irreg-
ularly of latex modiﬁed mortar and concrete compressive
strength relation with water cement ratio and cement content.
In addition, the effect of polymer solid content and solid chem-
ical base show an irregular trend with the co-matrix mechani-
cal properties.
To interpret these previous phenomena, another expres-
sion can be used. This expression is called ‘‘Participation
Ratio’’ of cement mixture and latex network in the latex
cement co-matrix strength. This is due to the deposition of
latex particles on the surfaces of unhydrated cement particles
causing a decrease on each of cement matrix hydration degree
(polymeric effect) [1–3]. The share of cement on strength of
latex cement co-matrix is called cement participation ratio.
This phenomenon is described as; during the withdrawal of
water in the latex cement co-matrix by hydration process,
the latex particles started to deposit on the cement particles
surfaces preventing the increase in cement hydration degree
[2,3,6]. This deposition leads to decrease cement hydration
degree as latex solid content increases. This polymeric effect
was conﬁrmed by many previous researches [13–17]. These re-
searches showed that degradation of cement hydration degree
due to latex addition resulted a decrease in cement matrix
strength [18–21]. Also, there is a linear relationship between
strength of modiﬁed cement paste and degree of hydration.
Based on the previous phenomenon, one can conclude that
the increase in latex cement co-matrix is the sum of cement
and latex participation in strength. This study focuses on
the participation ratios of cement mixture and latex network
in the strength of latex cement co-matrix.2. Experimental program
The experimental program of this research divides into two
phases: hydration degree and compressive strength of cementTable 1 Physical properties of different types of latex.
Type Commercial name Production company Chemical base
SBR-1 Adebond 65 CMB Styrene butadiene
SBR-2 Sika latex Sika Styrene butadiene
SBR-3 Techbond SBR MCC Styrene butadiene
SBR-4 Sikabond latex Sika Styrene butadiene
SBR-5 Kim latex Prokim Styrene butadiene
ACR Sika top 77 Sika Acrylic
PVA Techbond PVA MCC Polyvinyl acetatepaste. The second phase is the mechanical properties of mortar
and concrete.
2.1. Materials
Three types of latex chemical base were used: styrene butadi-
ene (SBR), acrylic ester (ACR), and polyvinyl acetate (PVA).
Different ﬁve particle sizes of styrene butadiene as a chemical
base from different commercial companies were considered.
The SBR particle size ranges from 18.2 to 255.8 lm. Table 1
and Fig. 1 presents the physical properties and grading of used
latex. Type I cement according to ASTM C150 was used in this
study. Chemical compositions, physical and mechanical prop-
erties of cement are given in Table 2. Natural sand with 2.8
ﬁneness modulus and pink lime stone with nominal maximum
size of 9.5 mm were used.
2.2. Mix proportions and test procedure
For ﬁrst phase, the latex with styrene butadiene rubber (SBR-
1) as a chemical base was used in cement paste mixtures (P).
The effect of latex addition on cement hydration degree was
studied in cement paste. The water cement ratio was kept con-
stant as 0.35. Different concentrations of latex ranged from
0.0% to 50.0% by weight of water content were used. All ce-
ment paste specimens were subjected to dry and wet curing
methods. In wet curing, the specimens were put in water after
48 h of casting until testing date while the dried specimens were
left in air until testing date. The degree of hydration of cement-
modiﬁed paste was calculated using the thermo-gravimetric
analysis test results (TGA). The determination of degree of
hydration depends on the magnitude of the drop in the TGA
curve between two distinct data points. The degree of hydra-
tion (a) can be calculated from TGA curves using Eq. (1)
[22] as follows:
a ¼WnðtÞ=Mc Wnð1Þ ð1Þ
where Wn(t) is deﬁned as mass loss between 145 and 1000 C,
Wn(1) is the ratio of non-evaporable water corresponding to
full hydration,Mc is the initial unhydrous cement mass of sam-
ple in gram.
Mixture proportions, hydration degree and compressive
strength of cement paste with SBR-1 latex are presented in
Table 3.
For all mortar mixtures (M) in the second phase, the ratio
between cement and sand was kept constant of 1.0:2.7 by
weight. The water cement ratio was kept constant as 0.28.
The used concentration of latex solids ranged from 0.0% to
36.0% by weight of water content was used. Three types ofColor Speciﬁc gravity Solids% Solids particle
N.M.S (lm)
rubber Milky white 1.01 45.5 29.7
rubber Milky white 1.02 35.0 18.2
rubber Milky white 1.03 50.5 72.7
rubber Milky white 1.01 17.0 255.8
rubber Milky white 1.02 38.0 153.2
Milky white 1.01 37.0 125.8
Milky white 1.01 38.0 79.7
C
ou
nt
s/s
ec
. (x
10
6 ) 
Particle size (µm) 
SBR-1 with N.M.S 0f 29.7 µm 
SBR-2 with N.M.S of 18.2 µm
SBR-3 with N.M.S of 72.7 µm
SBR-4 with N.M.S of 255.8 µm
SBR-5 with N.M.S of 153.2 µm
4.50
4.00
3.50
3.00
2.50
2.00
1.50
1.00
0.50
0.00
0 100 200 300 400 500 600 700
Figure 1 Grading curve of different types of SBR with nominal
maximum particle size (N.M.S) of 18.2, 29.7, 72.7, 153.2 and
255.8 lm.
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rylic ester, and polyvinyl acetate. All mortar specimens were
subjected to dry curing. Table 4 shows the mixture propor-
tions, ﬂow percent and compressive strength of cement mortar.
To study the effect of particle size of SBR on modiﬁed mortar
compressive strength, the latex solid/water ratio was kept con-
stant as 0.15 and water cement ratio was 0.28.
For concrete mixtures (C), the ratio between coarse aggre-
gates and sand was kept constant of 1.5:1.0 by weight and ce-
ment content of 450 kg/m3 was used. A constant water cement
ratio was considered as 0.40. The used concentration of SBR-1
latex solids ranged from 0.0% to 35.0% by weight of water
content was taken. All concrete specimens were subjected to
dry curing.
Flow table test and slump test were performed according to
ASTMC 1362 and ASTMC 143, respectively. The compressive
strength test of cement paste and mortar according to EN 196
was carried out using cubes with cross section area of 50 cm2.
The ages of testing were 7 and 28 days for cement paste and
28 days for mortar. Three point loading test according to
ASTM C293 was considered to determine the 28-day ﬂexural
strength of concrete using beams of 100 · 100 · 500 mm.
28-day pull out bond strength according to ASTM C234 was
measured using a steel bar of 16 mm diameter embedded with
length of 200 mm in the center of a concrete cylinder of
150 mm. This test was used only for comparison. Each result
for different tests represents the average of three specimens. Ta-
ble 5 shows the mixture proportions, slump values, ﬂexural,
and bond strength of concrete.Table 2 Chemical compositions, physical and mechanical propertie
Chemical compositions Value (%) D
Loss on ignition at 950 c 2.60 P
Insoluble residue in acid 1.80 C
Silicon oxide 22.10
Aluminum oxide 4.30
Ferric oxides 1.60 I
Calcium oxide 59.10 F
Magnesium oxide 4.42 S
Sulfur trioxide 2.403. Test results and discussion
3.1. Phase (I): Cement paste results
3.1.1. Cement degree of hydration
Fig. 2 shows the effect of SBR solid/water ratio (weight of latex
solid/weight of total water of concrete including the internal
water of latex) on 7 or 28-day cement degree of hydration for ce-
ment paste subjected to dry and wet curing with water cement
ratio of 0.35. From this ﬁgure, generally the increase in SBR so-
lid/water ratio up to 0.10 leads to a noticeable reduction in 28-
day cement degree of hydration. For SBR solid/water ratio
greater than 0.10 the 28-day cement degree of hydration de-
creases slightly as SBR solid/water ratio increases. The 7-day ce-
ment degree of hydration is less than that of 28-day degree of
hydration. Also for high values of latex (SBR) solid/water ratio,
more reduction in degree of hydration is obviously observed.
The wet curingmethod improves the cement hydration degree
of both conventional cement paste and modiﬁed cement paste.
For example, the cement hydration degree for wet cured unmod-
iﬁed cement paste increases by 10% compared with dry cured ce-
ment paste. Wet curing enhances cement paste to increase its
cement hydration degree after latex hydrolysis phenomenon that
happens to latex ﬁlm after immersing under water for 28 days.
3.1.2. Compressive strength
Table 3 shows the cube compressive strength test result of ce-
ment paste at different ages. The effect of SBR solid/water ra-
tio on 28-day cube compressive strength for dry and wet curing
with 0.35 water cement ratio is presented in Fig. 3. This ﬁgure
shows that generally the cube compressive strength increases as
SBR solid/water ratio increases up to certain point and then
compressive strength decreases with the increase in latex so-
lid/water ratio. The optimum SBR solid/water ratio ranges
0.20–0.30 for cement paste.
As expected, wet curing improves the compressive strength
of conventional cement paste. In contrary, the wet curing has a
negative effect on compressive strength of modiﬁed cement
paste. For example, the compressive strength for modiﬁed ce-
ment paste with wet curing decreases by 20% compared with
that of dry cured specimen at 0.25 solid/water ratio. Wet cur-
ing leads cement paste to decrease its compressive strength
after latex hydrolysis phenomenon that happens to latex ﬁlm
after immersing under water for 28 days [1].
3.1.3. Latex cement co-matrix participation ratios
The participation ratios of latex network and cement mixture
in co-matrix strength differs in the compressive, ﬂexural, ands of used cement.
escription of test Value
ercentage of retaining on sieve no. 170 (%) 6.5
ompressive strength of cement mortar
– 3 days, (MPa) 18.5
– 7 days, (MPa) 28.6
nitial setting time (min) 175
inal setting time (min) 285
oundness (mm) 1
Table 4 Mix proportions and compressive strength test results for mortar (M).
Mix
no.
Cement
(kg)
w/c Latex
type
Sand
(kg)
Water
(kg)
Latex wt.
(kg)
Latex solid/water
ratio
Flow
(%)
Fcu 28 days
(MPa)
M1 596 0.28 – 1609 166.9 0.0 0 10 27.3
M2 590 0.28 SBR-1 1593 165.2 9.9 0.06 20 25.0
M3 584 0.28 SBR-1 1577 163.5 19.6 0.12 45 28.5
M4 582 0.28 SBR-1 1571 162.9 21.2 0.13 55 34.3
M5 581 0.28 SBR-1 1569 162.7 22.8 0.14 40 44.2
M6 581 0.28 SBR-1 1569 162.5 26.0 0.16 50 44.6
M7 578 0.28 SBR-1 1561 161.8 29.1 0.18 47 48.1
M8 566 0.28 SBR-1 1528 158.4 39.6 0.25 58 49.2
M9 568 0.28 SBR-1 1534 159.0 42.9 0.27 55 42.6
M10 566 0.28 SBR-1 1528 158.4 50.7 0.32 80 41.0
M11 562 0.28 SBR-1 1517 157.4 56.7 0.36 120 37.7
M12 581 0.28 SBR-1 1569 162.6 24.4 0.15 47 48.1
M13 581 0.28 SBR-2 1569 162.6 24.4 0.15 63 39.6
M14 581 0.28 SBR-3 1569 162.6 24.4 0.15 44 49.2
M15 581 0.28 SBR-4 1569 162.6 24.4 0.15 52 19.9
M16 581 0.28 SBR-5 1569 162.6 24.4 0.15 60 43.2
M17 580 0.28 ACR 1569 162.4 26.0 0.16 15 28.1
M18 566 0.28 ACR 1528 158.4 50.7 0.32 30 24.9
M19 582 0.28 PVA 1569 162.4 26.0 0.16 45 31.4
M20 569 0.28 PVA 1528 158.4 50.7 0.32 65 29.6
Table 3 Mix proportions, hydration degree, and compressive strength test results of cement paste with SBR-1 latex (P).
Mix no. Cement
(kg)
w/c Latex solid/
water ratio
Water
(kg)
Latex
wt. (kg)
Degree of hydration (a) Compressive strength (Fcu) (MPa)
7 days 28 days 7 days 28 days
Dry curing Dry curing Wet curing Dry curing Dry curing Wet curing
P1 1472.6 0.35 0.00 515.4 0.0 65.00 68.7 74.9 32.0 38.0 46.0
P2 1455.3 0.35 0.02 509.4 10.2 64.20 66.9 70.2 29.4 34.0 33.0
P3 1430.0 0.35 0.05 500.5 25.0 63.20 65 66.8 24.0 30.0 28.0
P4 1405.7 0.35 0.08 492.0 39.4 62.50 63.7 65.4 27.0 33.6 32.0
P5 1389.9 0.35 0.10 486.5 48.6 61.70 63.2 65 30.0 44.0 35.5
P6 1351.9 0.35 0.15 473.2 71.0 60.40 62.7 64.5 32.2 52.0 40.0
P7 1316.0 0.35 0.20 460.6 92.1 56.40 62.1 64.1 30.0 57.6 44.0
P8 1249.5 0.35 0.30 437.3 131.2 52.30 61.6 63.7 27.0 49.6 43.0
P9 1189.5 0.35 0.40 416.3 166.5 46.50 61 63.5 24.2 46.8 41.0
P10 1134.9 0.35 0.50 397.2 198.6 43.50 60.5 63.1 23.0 43.0 40.0
312 A.M. Diab et al.bond strength of co-matrix. The high tensile and adhesion
strength of latex increases the latex network participation ratio
in co-matrix ﬂexural and bond strength, while co-matrix com-
pressive strength has a low latex network participation ratio
due to the latex low compressive strength.
The participation ratio of latex network at a certain age will
be calculated using the following assumption; latex effect on
strength consists of two parts. The ﬁrst is the increase in
strength from unmodiﬁed cement paste to latex modiﬁed paste.
The second part tends to the dilation effect of latex on hydra-
tion degree of cement. Based on the degree of hydration, com-
pressive strength test results and the assumption of linear
relationship between strength of cement modiﬁed paste and de-
gree of hydration [19], the effect of latex at modiﬁed cement
paste strength can be calculated as given in Eq. (2).
fLatex ¼ fcm  fco amao ð2Þ
where fLatex: Latex network strength, fcm: modiﬁed cement paste
strength, fco: unmodiﬁed cement paste strength, am: modiﬁed ce-ment paste degree of hydration, ao: unmodiﬁed cement paste de-
gree of hydration, and fco
am
ao
: cement matrix strength.
For instance,
fcm at 28 days for modiﬁed cement paste 0.2 SBR solid/
water ratio subjected to dry curing = 57.6 MPa.
fco at 28 days for unmodiﬁed cement paste subjected to dry
curing = 38.0 MPa.
am at 28 days for modiﬁed cement paste with 0.2 SBR solid/
water ratio subjected to dry curing = 62.1%.
ao at 28 days for unmodiﬁed cement paste subjected to dry
curing = 68.7%.
fLatex = 57.6–38 \ (62.1/68.7) = 23.25 MPa.
Figs. 4–6 show the participation of cement matrix and latex
network in compressive strength at 7, and 28 days of modiﬁed
cement paste, respectively. It can be noticed that, for low latex
dosages measured as latex (SBR) solid/water ratio up to 0.10,
the latex participation ratio in 7-day compressive strength of
latex modiﬁed cement paste is negligible, while for latex
Table 5 Mix proportions, slump, ﬂexural, and bond strength test results for concrete (C).
Mix no. Cement
(kg/m3)
Latex
type
w/c C.A
(kg/m3)
Sand
(kg/m3)
Water
(kg/m3)
Latex wt.
(kg/m3)
Latex
solid/water
ratio
Slump
(mm)
Flexure
28 days
(MPa)
Bond
28 days
(MPa)
C1 450 – 0.40 978 652 180 0 0.00 20 5.0 7.5
C2 450 SBR-1 0.40 968 645 180 9 0.05 70 5.3 8.2
C3 450 SBR-1 0.40 959 639 180 18 0.10 100 6.3 8.8
C4 450 SBR-1 0.40 953 635 180 27 0.15 120 7.2 9.4
C5 450 SBR-1 0.40 948 632 180 36 0.20 130 7.8 9.8
C6 450 SBR-1 0.40 939 626 180 45 0.25 150 8.3 10.2
C7 450 SBR-1 0.40 927 618 180 54 0.30 180 8.7 8.5
C8 450 SBR-1 0.40 918 612 180 63 0.35 190 9.5 8.0
C9 450 ACR 0.40 953 635 180 27 0.15 40 6.4 5.7
C10 450 ACR 0.40 939 626 180 45 0.25 60 6.6 7.4
C11 450 PVA 0.40 953 635 180 27 0.15 50 5.6 7.6
C12 450 PVA 0.40 939 626 180 45 0.25 80 6.6 8.5
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in 7-day compressive strength is 6.7% in average. The most
compressive strength of modiﬁed cement paste is resulted from
cement matrix strength.
For modiﬁed cement paste with low solid/water ratio (0–
0.05) subjected to dry curing, the 28-day compressive strength
is only due to the cement matrix strength while the latex net-
work strength increases as SBR solid/water ratio increases
up to 20% and then latex network compressive strength de-
creases for higher values of solid/water ratio due to high reduc-
tion in cement degree of hydration. At SBR latex solid/water
ratio of 0.10, 0.15 and 0.20, the latex network strength is
20.5%, 33.4% and 40.0% of 28-day modiﬁed cement paste
compressive strength, respectively, while this strength at 0.40
and 0.50 SBR solid/water ratio is 27.9% and 22.0%. Also, it
is clear that the cement matrix strength is almost constant
(34 MPa) for modiﬁed cement paste with high SBR solid/water
(0.10–0.50).
The negative effect on latex participation in co-matrix com-
pressive for modiﬁed cement paste subjected to wet curing is
obviously observed in Fig. 6. From this ﬁgure, the latex partic-
ipation ratio in compressive strength of modiﬁed mortar sub-
jected to wet curing is insigniﬁcant due to the hydrolysis of
latex network in the water [6]. In addition, the cement partic-
ipation ratio in co-matrix strength increases slightly in the
water curing due to the slight increase in cement hydration de-
gree. The latex modiﬁed paste shows a high stability in wet
storage conditions at optimum latex solid/water ratio from
0.20 to 0.30 [2].
3.2. Phase (II): Predicting the latex network participation in
mortar and concrete strength
3.2.1. Predicting the cement degree of hydration
In this study, the application of the concept of latex participa-
tion in phase of cement mortar and concrete needs the degree
of hydration at w/c of 0.28 and 0.40 for mortar and concrete,
respectively. These values are calculated based on test results
of hydration degree at 0.35 w/c ratio.
The presence of silica in mortar and concrete makes the
measuring of cement hydration degree using TGA test is very
difﬁcult and not accurate. TGA test depends on the weight loss
of sample due to increase in temperature. These measurementsdiffer completely in case of mortar and concrete due to decom-
position of silica at the same degree with calcium hydroxide in
cement [17].
Based on the test results of previous researches, there is a
linear relation between cement degree of hydration and water
cement ratio [18,21]. According to TGA test results on cement
paste with 0.35 as water cement ratio, linear regression method
can extrapolate the relation between cement degree of hydra-
tion and latex solid/water ratio at 0.28 and 0.40 water/cement
ratio as shown in Fig. 7. This trend was checked by one exper-
imental test result at 0.25 solid/water ratio for each w/c ratio.
3.2.2. Latex network participation in mortar and concrete
strength
The effect of SBR solid/water ratio on 28-day cube compres-
sive strength for dry cured cement mortar with 0.28 of water
cement ratio is presented in Fig. 8. This ﬁgure shows that gen-
erally the cube compressive strength increases as SBR solid/
water ratio increases up to a certain point and then compres-
sive strength decreases with the increase in solid/water ratio.
The optimum SBR solid/water ratio is about 0.25 for cement
mortar.
Fig. 9 shows the participation of cement matrix and latex
network at 28 days compressive strength of modiﬁed mortar.
It can be noticed that the latex participation in compressive
strength of latex modiﬁed mortar is similar to the results of
modiﬁed cement paste. At low solid/water ratio (0–0.05), weak
latex network does not participate in compressive strength.
The latex network strength increases as SBR solid/water ratio
increases up to 0.25 and then latex network compressive
strength decreases as the solid/water ratio increases. The use
of SBR solid/water ratio more than 0.05 does not affect the
matrix compressive strength and is clearly constant
(24 MPa). At SBR solid/water ratio of 0.10, 0.16 and 0.25,
the latex network strength is 11.2%, 46.6% and 50.6% of
modiﬁed cement mortar compressive strength, respectively,
while this strength for 0.32 and 0.40 SBR solid/water ratio is
41.0% and 36.0%, respectively.
This increase in latex network strength in mortar co-matrix
is according to the presence of sand, which combines with latex
to form the silica latex cross linking relation [9]. Ohama [9] de-
scribes this phenomenon as; the free calcium ions which
formed by cement hydration combines with water, silica
y = 178.42x3 - 140.51x2 - 16.981x + 64.715
R² = 0.9967
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Figure 2 Relation between 28 days cement hydration degree and
SBR solid/water ratio for cement paste with water cement ratio of
0.35.
y = 642.14x3 - 813.68x2 + 285.97x + 22.465
R² = 0.7776y = 54.988x
3
 - 192.64x2 + 107.2x + 27.002
R² = 0.7996
Dry Curing Wet Curing
Cu
be
 co
m
pr
es
siv
e s
tre
ng
th
 (M
Pa
)
SBR-1 solid/water ratio
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.550
70
10
60
30
50
20
40
Figure 3 Relation between 28-day compressive strength and
SBR solid/water ratio for cement paste with water cement ratio of
0.35.
Latex strength Cement matrix Strength
SBR-1 solid/water ratio
Cu
be
 co
m
pr
es
siv
e s
tre
ng
th
 (M
Pa
)
0
70
10
60
30
50
20
40
0 0.02 0.080.05 0.1 0.15 0.2 0.3 0.4 0.5
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Figure 5 Effect of SBR latex solid/water ratios on latex network
and cement matrix compressive strength at 28 days for cement
paste co-matrix subjected to dry curing.
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314 A.M. Diab et al.aggregate surfaces, and latex carboxylate group to form a cross
linking bond between the cement mixture, latex network, and
silica aggregate in latex cement co-matrix.
Figs. 10 and 11 shows the participation ratios of cement
matrix and latex network in ﬂexural and pull-out bond
strengths of latex modiﬁed concrete, respectively. It can be
noticed that for modiﬁed concrete when the SBR solid/waterratio increases the latex participation ratios in ﬂexural and pull
out bond strength increase. The increase in latex participation
in ﬂexural and bond strength compared with its participation
in compressive strength for cement paste or mortar is due to
the high tensile and adhesion strength of latex, while the low
compressive strength of latex leads to a low contribution of la-
tex network on co-matrix compressive strength. Also from
these ﬁgures, the ﬂexural and pull out bond strength of cement
matrix is almost constant at different used of SBR solid/water
y = -1173.1x3 + 317.07x2 + 88.82x + 23.895
R² = 0.7605
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Figure 8 Relation between 28-day compressive strength and
SBR solid/water ratio for cement mortar with water cement ratio
of 0.28.
SBR-1 solid/water ratio
Fl
ex
ur
al
 st
re
ng
th
 (M
Pa
)
M
od
ifi
ed
fle
xu
ra
l s
re
ng
th
La
te
x 
sr
en
gt
h
C
em
en
t s
re
ng
th
Latex strength Cement matrix Strength
Figure 10 Effect of SBR latex solid/water ratios on latex
network and cement matrix ﬂexural strength at 28 days for latex
modiﬁed concrete subjected to dry curing.
The participation ratios of cement matrix and latex network in latex cement co-matrix strength 315ratios. It is about 4.6 MPa for ﬂexural strength and 6.8 MPa
for pull out bond strength, while the latex participation ratio
in ﬂexural strength at SBR solid/water ratio of 0.10, 0.25
and 0.35 is 26%, 44.9% and 52.5%, respectively. Also the latex
participation ratio in bond strength at SBR solid/water ratio of
0.10 and 0.25 is 20.6% and 33.4%, respectively.
In general, latex modiﬁed mortar and concrete show a con-
siderable increase in the compressive, ﬂexural, and bond
strengths as compared with unmodiﬁed mortar and concrete
[2]. This is interpreted in terms of the contribution ratios of
high tensile and adhesion strength by the latex network itself
and the overall improvement in cement matrix properties.
The addition of latex has a double effect on the co-matrix
strength. The ﬁrst effect is the presence of latex membranes
in pore structure of co-matrix to increase its general perfor-
mance [9]. The second effect of latex addition is the reducing
of water content to get the same workability [1]. This effect
is due to the presence of the super plasticizing agents on latex
surfactants.
3.2.3. Effect of latex type on Latex network participation in
mortar and concrete strength
It can be noticed that the latex solid chemical base is a
signiﬁcant effect on modiﬁed mortar and concrete strength.SBR-1 solid/water ratio
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Figure 9 Effect of SBR latex solid/water ratios on latex network
and cement matrix compressive strength at 28 days for cement
mortar co-matrix subjected to dry curing.Figs. 12–14 show the participation ratios of different latex
chemical bases at the same solid percentage in co-matrix com-
pressive, ﬂexural, and pull-out bond strength. It can be noticed
from these ﬁgures that SBR latex has the highest participation
ratio in co-matrix strength compared with those of ACR and
PVA. The improvement of SBR participation ratio in com-
pressive, ﬂexural, and bond strength may be due to its high
tensile and adhesion strength [6].
This variation of latex inﬂuence at different chemical bases
in co-matrix strength is due to the difference of latex chain
length and latex tensile strength [1,23,24]. So SBR modiﬁed
concrete generally has the highest value of ﬂexural strength
compared with latex modiﬁed concrete with ACR and PVA
due to its high tensile strength [23].
Lavelle [24] concluded the relation between the compres-
sive, ﬂexural strengths and the unit weight of latex modiﬁed
mortar and concrete. Therefore, the high compressive and ﬂex-
ural strength of SBR cement co-matrix is corresponding to the
high performance of SBR on co-matrix unit weight, while the
light unit weight of ACR and PVA modiﬁed mortar produced
a low compressive and ﬂexural strength [2,6].
3.2.4. Particle size effect on latex participation in mortar
strength
The size of dispersed polymer particles of latexes affects the
strength of latex cement co-matrix [2]. Fig. 15 shows the effectSBR-1 solid/water ratio
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Figure 11 Effect of SBR latex solid/water ratios on latex
network and cement matrix pull out bond strength at 28 days
for latex modiﬁed concrete subjected to dry curing.
Figure 12 Effect of latex chemical base on mortar compressive
strength at 28 days with 0.16 and 0.32 latex solid/water ratio.
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Figure 13 Effect of latex chemical base on concrete ﬂexure
strength at 28 days with 0.15 and 0.25 latex solid/water ratio.
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Figure 14 Effect of latex chemical base on concrete steel bond
strength at 28 days with 0.15 and 0.25 latex solid/water ratio.
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Figure 15 Effect of SBR particle size on mortar compressive
strength at 28 days with 0.15 latex solid/water ratio.
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Figure 16 Effect of particle size with 0.15 latex solid/water ratio
on latex network and cement matrix compressive strength at
28 days.
316 A.M. Diab et al.of SBR particle size on the co-matrix strength. It can be no-
ticed that, for SBR latex, the compressive strength increases
as latex particle size increases up to 75 lm while for particle
size more than 100 lm the compressive strength decreases as
latex particle size increases. For example, 28 days compressive
strength of mortar with SBR particle size of 72.7 lm is higher
than that of particle size of 29.7 lm and 255.8 lm by 12.8%
and 185.8%, respectively.
It can be concluded from Fig. 16 that the latex participation
ratio in co-matrix strength decreases as latex particle size more
than 29.7 lm increases. Latex compressive strength participa-tion ratios of particle size of 18.2 lm, 29.7 lm, 72.7 lm,
153.2 lm, and 255.8 lm are 14%, 42%, 37%, 32% and 9%,
respectively. From these results, particle size of 29.7 lm gives
the highest value of latex compressive strength participation
ratio compared with those of used particle size of SBR. Ohama
[9] showed that there is a strong interaction between styrene
acrylic ester latex particles and cement grains after mixing.
Based on latex particle size, only a small part of latex particles
are free dispersing in pore solution and more than 70% of
them are absorbed by cement grains or the hydration products.
In addition, the contribution ratio of latex network on co-ma-
trix strength tends mainly on the tensile strength of latex mem-
brane which depends on latex particles coalescence degree. The
latex with small particle size and good grading has a high effect
on the increase in latex deﬂocculating degree, which tends to
have high coalescence degree [6,14].
4. Conclusions
Based on the experimental test results which have been dis-
cussed in detail previously, the following conclusions can be
drawn:
1. The strength of modiﬁed cement paste, mortar and concrete
divides into latex network strength and matrix cement
strength. These strengths depend upon unmodiﬁed cement
paste degree of hydration and modiﬁed cement paste degree
of hydration.
The participation ratios of cement matrix and latex network in latex cement co-matrix strength 3172. The cement degree of hydration decreases as latex solid/
water ratio increases.
3. The wet curing enhances the degree of hydration of modi-
ﬁed cement paste by 10%.
4. The latex participation ratio in co-matrix strength is inﬂu-
enced by type of cement matrix (cement paste, mortar or
concrete), type of curing (dry, wet), latex type, latex solid/
water ratio (dose), strength type (compressive, ﬂexural or
bond strength) and age.
5. For low SBR solid/water ratio up to 0.10, the latex partic-
ipation ratio in 7-day compressive strength of latex modi-
ﬁed cement paste is negligible, while for latex solid/water
ratio more than 0.10, this ratio is 6.7% in average.
6. Latex network strength for modiﬁed cement mortar sub-
jected to dry curing at 28 days increases as SBR solid/water
ratio increases up to 0.20 and then latex network compres-
sive strength decreases for higher values of solid/water
ratio. At SBR latex solid/water ratio of 0.10, 0.15 and
0.20, the latex participation ratio in 28-day compressive is
20.5%, 33.4% and 40.0%, respectively,
7. The latex participation ratio in 28-day compressive strength
of modiﬁed mortar is higher than that of modiﬁed cement
paste. The latex participation ratio in 28-day compressive
of modiﬁed mortar with SBR solid/water ratio of 0.16
and 0.25 is 46.6% and 50.6%, respectively.
8. For modiﬁed concrete, when the SBR solid/water ratio
increases the latex participation ratios in ﬂexural and pull
out bond strength increases. The ratio in ﬂexural strength
at SBR solid/water ratio of 0.10, 0.25 and 0.35 is 26%,
44.9% and 52.5%, respectively. Also the latex participation
ratio in bond strength at SBR solid/ water ratio of 0.10 and
0.25 is 20.6% and 33.4%, respectively.
9. The latex participation ratio in co-matrix strength decreases
as latex particle size more than 29.7 lm increases. Latex
compressive strength participation ratios of particle size
of 18.2 lm, 29.7 lm, 72.7 lm, 153.2 lm, and 255.8 lm are
14%, 42%, 37%, 32%, 9%, respectively. The optimum par-
ticle size is 29.7 lm.
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